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Kinetics of Microtubule Catastrophe Assessed by Probabilistic Analysis
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ABSTRACT Microtubules are cytoskeletal filaments whose self-assembly occurs by abrupt switching between states of
roughly constant growth and shrinkage, a process known as dynamic instability. Understanding the mechanism of dynamic
instability offers potential for controlling microtubule-dependent cellular processes such as nerve growth and mitosis. The
growth to shrinkage transitions (catastrophes) and the reverse transitions (rescues) that characterize microtubule dynamic
instability have been assumed to be random events with first-order kinetics. By direct observation of individual microtubules
in vitro and probabilistic analysis of their distribution of growth times, we found that while the slower growing and biologically
inactive (minus) ends obeyed first-order catastrophe kinetics, the faster growing and biologically active (plus) ends ends did
not. The non-first-order kinetics at plus ends imply that growing microtubule plus ends have an effective frequency of
catastrophe that depends on how long the microtubules have been growing. This frequency is low initially but then rises
asymptotically to a limiting value. Our results also suggest that an additional parameter, beyond the four parameters typically
used to describe dynamic instability, is needed to account for the observed behavior and that changing this parameter can
significantly affect the distribution of microtubule lengths at steady state.

INTRODUCTION

Microtubule assembly is fundamental to a number of cel-
lular processes. For example, some of the most effective
drugs for treating cancer (e.g., taxol and vinblastine) are
also known to specifically alter microtubule assembly dy-
namics, suggesting that microtubule assembly is central to
the process of cell division (Alberts et al., 1994). In nerve
growth, microtubule assembly plays a similarly important
role: when growing axons are treated with microtubule
depolymerizing drugs, the axons stop growing and retract
(Yamada et al., 1970; Daniels, 1972; Bamburg et al., 1986).
Therefore, understanding how microtubules assemble can
lend valuable insight into important medical problems such
as the treatment of cancer and the development of nerve
regeneration strategies.

Microtubule assembly occurs by abrupt and apparently
random switching between alternate phases of growth and
shrinkage, a process called dynamic instability (Mitchison
and Kirschner, 1984; Horio and Hotani, 1986; Cassimeris et
al., 1988; Walker et al., 1988). These phases are persistent
as thousands of tubulin subunits are added (or lost) in a
single growth (or shrinkage) excursion. The growth to
shrinkage transition (catastrophe) and the reverse transition
(rescue) have been assumed to proceed with first-order
kinetics, each with its own rate constant (Hill, 1984; Mitchi-
son and Kirschner, 1987; Bayley et al., 1989; Verde et al.,
1992; Dogterom and Leibler, 1993; Gliksman et al., 1993;
Flyvbjerg et al., 1994). This assumption allows a simple and
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parsimonious description consistent with the stochastic na-
ture of microtubule assembly. The first-order model carries
an additional constraint, however. The model implies that a
catastrophe (or rescue) is equally probable to occur at any
instant during a growth phase and is not dependent on the
past history of the system.

Alternatively, a microtubule may have built into its
mechanism of assembly some form of dependence on its
past which will influence its present and future behavior.
This type of "memory" would manifest itself by non-first-
order transition kinetics which can be identified from the
distribution of phase times. If the transitions are first order,
as has been assumed, then the distribution of phase times
will be exponential (Olkin et al., 1980). Conversely, if the
transitions are non-first-order, then the distribution of phase
times will be nonexponential. To test whether microtubules
have non-first-order catastrophe kinetics, we observed indi-
vidual microtubules assembled from purified tubulin by
video-enhanced differential interference contrast (VE-DIC)
microscopy and obtained growth time distributions for both
the plus and minus ends. While minus end growth times
were well described by an exponential distribution, plus end
growth times were not. An alternative model for the plus
end distribution was identified and a new parameter describ-
ing microtubule assembly introduced. In addition, an exist-
ing molecular assembly model was examined for non-first-
order kinetics and the potential physiological relevance of
non-first-order kinetics demonstrated.

MATERIALS AND METHODS

Tubulin and axoneme preparation
Porcine brain tubulin was purified by 2 cycles of assembly and disassem-
bly, phosphocellulose chromatography, and a final assembly cycle in PEM
buffer (0.1 M Pipes, 2 mM EGTA, 1 mM MgSO4, 1 mM GTP, pH 6.9)
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supplemented with 1 M glutamate (Walker et al., 1988). The tubulin pellet
was resuspended in PEM buffer, clarified, and stored at -75°C. One
tubulin preparation was used for all the experiments. No microtubule-
associated proteins were detected by silver staining of overloaded SDS-
PAGE (50 ,ug/lane; Walker et al., 1988). Tubulin concentrations were
determined as previously described (Drechsel et al., 1992). Before each
experiment, a small aliquot of tubulin was thawed, stored on ice, and used
within 1-2 h. Axoneme fragments from Strongylocentrotus. purpuratus
were purified as previously described (Walker et al., 1988) and stored at
-20°C in 50% glycerol and washed in PEM buffer before use.

Microtubule assembly
Axoneme fragments were allowed to adhere to a glass coverslip in a humid
chamber for 5 min. The coverslip was then sealed onto a glass slide along
the top and bottom edges with Valap (1:1:1 Vaseline, lanolin, and paraffin)
using parafilm pieces as spacers. This chamber was flushed with 80 ,ul of
PEM buffer followed by perfusion of 80 ,ul of 6 ,uM tubulin in PEM buffer.
The two remaining edges of the coverslip were than sealed with Valap and
the assembly mounted on the microscope for imaging of individual, nu-
cleated microtubules.

Videomicroscopy
The assembly of individual, axoneme-nucleated microtubules at 350C was

observed by VE-DIC microscopy (Schnapp, 1986; Salmon et al., 1989). A
Nikon Microphot-SA equipped with 60X/1.4 NA DIC Plan Apo lens, DIC
prisms and 1.4 NA condenser was used. Illumination was by a 100-W
mercury lamp passed through an Ellis light scrambler (Technical Video,
Woods Hole, MA). The microscope stand was also equipped with heat
absorbing and 546-nm interference filters. Images were projected through
a 5X projection lens to a Hamamatsu C-2400 newvicon video camera.

Images were further enhanced using an Argus 10 (Hamamatsu) image
processor for real-time, two-frame exponential averaging. The processed
signal was passed through a time date generator (For-A Corp.) and re-

corded onto super VHS video tapes (Sony SVO-9500 MD). An air stream
stage incubator (Nicholson Precision Instruments) was used to maintain a

constant temperature of 35°C on the stage (a period of 5 min was allowed
to permit chamber warmup). No sample was observed longer than 1 h.

Data analysis
Individual length life histories were obtained by digital image analysis of
videotaped recordings (via RTM software courtesy of E. D. Salmon) and
used to identify initiation and catastrophe events as shown in Fig. 1.
Growth times were computed by taking the difference between the time of
catastrophe (dark arrows) and the time of initiation (gray arrows), although
on rare occasions microtubules initiated from rescue events (not shown).
Some growth times at the beginning of a sequence were estimated by
back-extrapolating to 0 length (gray line) since the growth rates were

approximately constant and rescues were rare. All microtubules in a given
field that could be tracked unambiguously were analyzed and no microtu-
bules were observed to continuously grow over an entire observation
period (maximum 50 min). Microtubules were classified as plus or minus
based on their growth rate which was estimated by fitting a least-squares
line (Walker et al., 1988).

Probability models

Exponential cumulative distribution functions of the form

F(t) = 1 - (e)
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FIGURE 1 Microtubule length life history. The characteristic "saw-
tooth" pattern of dynamic instability was exhibited by microtubules as-
sembled from purified porcine brain tubulin (6 ,uM) using axoneme frag-
ments as nucleating structures and observed by VE-DIC microscopy.

were fit to both the plus and minus end data by nonlinear least-squares
minimization (Press et al., 1992). A gamma cumulative distribution func-
tion, given by

t:Otr-le- t

F(t)=- dt
IFr

(2)

with parameters r and 0, was fit to the plus end data by the same method.

Effective catastrophe frequency
An effective catastrophe frequency was defined as the rate at which
microtubules undergo catastrophe, given that they have already been grow-
ing for a period of time. An effective catastrophe frequency defined in this
way is a function of time and can be derived from the original cumulative
distribution functions (Eqs. 1 and 2). First, a conditional cumulative
distribution function was constructed to describe the distribution of times,
y, beyond an arbitrary time, t*, given that the microtubule has already
grown for t* (Olkin et al., 1980). The conditional cumulative distribution
function is given by

F(t* + y) - F(t*)
G(y)~~ 1F(t*)

G(y) = 0

YO0 (3)

y <O (4)
where F(u) is the appropriate cumulative distribution function (from either
Eq. 1 or Eq. 2). The conditional cumulative distribution function, G(y),
was then differentiated with respect to y, evaluated at y = 0, and plotted as
a function of t*. This resulted in an effective catastrophe frequency at any
instant in time t*. For the exponential distribution this was simply equal
to 0.

Lateral cap model simulations
A FORTRAN program was written to simulate dynamic instability with the
lateral cap model as described by Bayley et al. (1990). Briefly, the model
assumes 13 protofilaments in a 5-start helix with subunits in the lattice
existing in either in a GTP or GDP state (Chen and Hill, 1985). Addition
and loss of subunits occurs with rate constants that depend on the GTP/
GDP state of neighboring subunits in the lattice. In the lateral cap model,
hydrolysis is directly coupled to subunit addition so that the GTP cap is at
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most one subunit layer deep. The basic parameter set described in Bayley
et al. (1990) was used as well as the eight variations of the basic parameter
set. All simulations were run at the critical concentration, which is the
tubulin concentration at which no net growth occurs. For the basic param-
eter set this concentration was 5.9 ,uM, essentially the value used experi-
mentally. A total of 10,000 growth times and 10,000 shrinkage times were
obtained. The duration of a growth phase was defined as the time required
to go from an all GTP tip state to an all GDP tip state. The duration of a
shrinkage phase was defined as the time to reverse the states again. These
times were found to be essentially the same as the duration of growth and
shrinkage determined by examination of length life histories.

Length distributions using a two-state model
A FORTRAN program was written to simulate dynamic instability using a
generalized two-state model as described previously (Odde and Buettner,
1995). The parameters of dynamic instability were specifled: the growth
and shrinkage rates (Vg and V1) and the mean growth and shrinkage times
(tg and t,; inverses of catastrophe and rescue frequencies, respectively). The
gamma distribution shape parameters rg = r, = r were then set (which also
fixed the gamma distribution parameters Og and O., since tg = rg/Og and t5
= r/Oj). Growth and shrinkage times were chosen at random from gamma
distributions for each phase, and a length life history was generated with
lengths recorded at 1-s intervals. In each simulation the first 5,000 lengths
were ignored to allow the system to reach steady state after which the next
50,000 lengths were recorded. All simulations were performed on a Sun
Sparc 10 workstation (Sun Microsystems, Inc.).

RESULTS AND DISCUSSION

Analysis of growth time distributions

The first-order model for the phase transitions of dynamic
instability has been assumed in previous theoretical treat-
ments because it is the simplest possible mechanism and
underlies a large number of biochemical processes. To test
whether this model is generally valid, microtubules were

assembled in vitro from purified tubulin and individual
growth times obtained through VE-DIC and digital image
analysis. The dynamic parameters for the plus and minus
ends are summarized in Table 1. The sets of growth times
were plotted as cumulative distributions and the exponential
distribution (Eq. 1) fit to the data as shown in Fig. 2. While
the minus end growth times were consistent with an expo-

nential distribution (p = 0.74), the plus end growth times
were not (p = 0.026). Thus, under these conditions, the
first-order model for catastrophe is valid for minus ends but
not for plus ends.

Because the plus end growth times were fit poorly by the
exponential distribution, the gamma distribution was con-

sidered as an alternative (Olkin et al., 1980). As shown in
Fig. 3A, the gamma distribution (Eq. 2) provided a statis-
tically probable fit to the plus end growth time distribution
(p = 0.54). Other distributions, such as the Weibull distri-

TABLE I Summary of microtubule assembly data

Plus Minus

Mean growth time ± SD (min) 1.91 ± 1.19 3.88 ± 2.92
Mean growth rate ± SD (,um/min) 1.04 ± 0.20 0.51 ± 0.17
Number of growth phases 59 98
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FIGURE 2 Plus and minus end growth time cumulative distributions.
The open circles represent the experimentally measured growth times and
the solid lines the best-fit exponential distribution. (A) Plus end data were
not well described by an exponential distribution (p = 0.026). A histogram
of the data, along with the fitted exponential model, is shown in the inset.
(B) Minus end data were adequately described by the exponential distri-
bution (p = 0.74).

bution, provided reasonable fits as well (not shown); we

chose the gamma distribution as a prototype nonexponential
distribution since it lends itself to construction of a simple
kinetic model for catastrophe (see below). The differences
in shape between the best-fit exponential and gamma prob-
ability densities (Fig. 3 B) show that microtubules with
gamma distributed growth times are less likely to have very
short and very long growth times and more likely to have
intermediate times compared to microtubules with exponen-

tially distributed growth times. The exponential and gamma
distributions each have corresponding kinetic models for
catastrophe, as shown in Fig. 3 C. While the exponential
distribution implies a single first-order transition, the
gamma distribution implies a series of first-order transitions
(Olkin et al., 1980). The number of serial first-order tran-
sitions is equal to the shape parameter r which is -3 for the
plus end data. Therefore, if the mechanism of catastrophe is
the same as that upon which the gamma distribution is
derived, then catastrophe would occur by a series of three
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FIGURE 3 Gamma distribution fit to plus end data and implications for
dynamic instability. (A) The gamma distribution (Eq. 2) adequately de-
scribed the plus end growth time distribution (p = 0.54). (B) The best-fit
gamma and exponential probability density functions using their best-fit
parameter values from the plus end data. The gamma distributed growth
times are "bunched" more in the middle range than the exponentially
distributed growth times. (C) Probability distributions and their associated
kinetic mechanisms.

pendent of how long the microtubule has been growing as
shown in Fig. 4. As a result, a microtubule with first-order
kinetics has no sense of how long it has been growing and
consequently lacks "memory" of its growth state. Alterna-
tively, non-first-order catastrophe kinetics imply an effec-
tive catastrophe frequency that depends on how long the
microtubules have been growing (Fig. 4). The effective
catastrophe frequency is the instantaneous rate of catastro-
phe, given that a microtubule has already been growing for
a period of time. For the gamma distribution fitted to the
plus end data, microtubules have an effective catastrophe
frequency near 0 at early times. Over time, the microtubules
become more likely to undergo catastrophe, the effective
catastrophe frequency asymptotically approaching a con-
stant value at long times. The change in effective catastro-
phe frequency over time implies that the microtubules have
a crude form of "memory" built into their mechanism of
dynamic instability. This phenomenon can be visualized by
imagining the progression of a microtubule through a series
of states on the way to catastrophe (Fig. 3 C). Although each
transition occurs randomly, catastrophe cannot occur until
the microtubule has passed through each intermediate state.
In this sense the microtubule can function as a nanometer-
scale integrator of molecular events and perform a logical
AND operation.

Kinetics of existing dynamic instability models

Dynamic instability is widely believed to be mediated by
the acquisition and loss of a stabilizing cap of terminal
GTP-tubulin subunits (Carlier and Pantaloni, 1981; Mitchi-
son and Kirschner, 1984; O'Brien et al., 1987; Walker et al.,
1988). Unfortunately, the presence of this putative cap has
not been confirmed directly by experiment. An alternative

first-order transitions each with rate constant 0 (- 1.7
min- 1). Each of these transitions could potentially represent
key chemical or physical events occurring in the microtu-
bule. Among these could be loss of a stabilizing GTP-
tubulin cap at the microtubule tip (reviewed in Erickson and
O'Brien, 1992) or induction of a structural change in the
lattice (Mandelkow et al., 1991). Kinetic pathways other
than the serial pathway shown in Fig. 3 C could probably
account for the plus end distribution as well. In general, to
obtain the sigmoidal shape of the cumulative distribution
function (Fig. 3 A) these kinetic models will presumably
require multiple events for catastrophe to occur.
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FIGURE 4 Effective catastrophe frequency for the exponential and
gamma distribution growth time models. For the exponential distribution,
the effective catastrophe frequency remains invariant over time and thus a

growing microtubule has no "memory" of its growth state. Alternatively,
for the gamma distribution, the effective frequency of catastrophe is
initially low, rising asymptotically to a limiting constant value. In this
sense, a growing microtubule has "memory" of its growth state since its
effective catastrophe frequency depends on how long it has been growing.
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approach has been to assume a mechanism for cap dynamics
and simulate assembly using a computer (Chen and Hill,
1985; Bayley et al., 1990; Martin et al., 1993). The most
viable of these computer models, the lateral cap model,
assumes GTP hydrolysis is directly coupled to tubulin sub-
unit addition (Bayley et al., 1990; Martin et al., 1993).
Although somewhat speculative, this model can reproduce
the two-state dynamics characteristic of dynamic instability
(Bayley et al., 1990). Moreover, we find that the simulated
growth and shrinkage times predicted by this model can be
nonexponentially distributed as shown in Fig. 5. (the distri-
butions shown here are for the basic parameter set but the
other eight sets considered in the original description of the
simulation model yielded similar distributions). The nonex-
ponential nature of the distributions implies memory in both
the catastrophe and rescue processes. It is difficult to assess
the validity of the lateral cap model in any more detail
because only a few of the eight model parameters can be
measured directly from experiment. Even so, the lateral cap
model, in contrast to simpler macroscopic models, is capa-
ble of producing nonexponentially distributed growth times.
The GTP cap model assumes that a microtubule is com-

posed of an intrinsically labile lattice of GDP subunits
stabilized by the GTP cap at the tip. If the cap is lost
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(through stochastic dissociation, for example), then the mi-
crotubule depolymerizes until restabilized by another GTP
cap. Therefore, if one were to sever a microtubule in its
midsection, the GTP cap hypothesis would predict imme-
diate and extensive dissociation from the newly exposed
ends of the microtubule until the tips are again stabilized by
GTP caps. However, when microtubules are severed, either
by an ultraviolet microbeam (Walker et al., 1989) or a glass
needle (Tran and Salmon, 1993), the minus ends actually
tend to grow while the plus ends rapidly dissociate as
expected. Thus, the immediate growth behavior at minus
ends apparently contradicts the GTP cap model. To explain
these results, a three-state model of the form

G <* I <* S

has been proposed where G represents a growth state, S a
shrinkage state, and I an intermediate state where the GTP
cap is lost but the microtubule has not begun to disassemble
(Tran and Salmon, 1993). A microtubule in this intermedi-
ate state can either recap (transit to state G) or start to
disassemble (transit to state S). Except in cases where a
particular transition is rate-limiting, the three-state model
implies non-first-order catastrophe and rescue kinetics and
hence memory in catastrophe and rescue. It is difficult to
make direct comparisons between the cutting experiments
and the present results since the cutting experiments pre-
sumably provide information about the rescue process while
the present experiments provide information about catastro-
phe. Yet through these two diverse approaches the same
conclusion has been reached: that catastrophe may require
more than one event. In summary, the gamma distribution
(two-state) model, the three-state model, and the lateral cap
model, permit non-first-order catastrophe kinetics.

Physiological relevance

The results presented here are for pure tubulin in vitro yet we
;00 400 expect that microtubules can exhibit non-first-order catastro-

phe kinetics in vivo as well based on the following evidence.
First, despite the presence of stabilizing microtubule associated
proteins (MAPs), individual microtubules have been observed

tage Times to undergo dynamic instability in living cells (Cassimeris et al.,
1988; Sammak and Borisy, 1988; Tanaka and Kirschner, 1991;
Shelden and Wadsworth, 1993). Second, analysis of published
microtubule assembly data from newt lung epithelia
(Cassimeris et al., 1988) has suggested nonexponential growth
and shrinkage time distributions (Odde and Buettner, 1995).
Third, preliminary analysis of assembly data obtained for sea
urchin extracts (Gliksman et al., 1992) has also suggested

IJ0 I~~~l0 ~ nonexponential behavior (not shown). In vivo, MAPs probably
modulate the phase time distributions since they are known to
modulate the parameters of dynamic instability in vitro (Drech-
sel et al., 1992; Pryer et al., 1992; Kowalski and Williams,

ing non-first-order kai 1993) and as such, modulation of distribution shape could be
warameter sets yielded a means by which the cell regulates its distribution of

microtubules.
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To demonstrate the potential effect of phase time distribu-
tion shape on microtubule length distributions at steady state,
we simulated nucleated microtubule assembly on a computer.
Typically four parameters have been used in previous analyses
to characterize dynamic instability (Hill, 1984; Mitchison and
Kirschner, 1987; Bayley et al., 1989; Verde et al., 1992;
Dogterom and Leibler, 1993; Gliksman et al., 1993; Flyvbjerg
et al., 1994): the growth rate, Vg, the shrinkage rate, Vs, the
catastrophe frequency, kcat (inverse of mean growth time, t),
and the rescue frequency kres (inverse of mean shrinkage time,
ts). Modulation of these parameters has been shown to be a
means by which the cell can regulate the assembly state of its
microtubule array. In particular, modulation of the transition
frequencies provides the means for cells to go from an inter-
phase array, which is characterized by relatively long micro-
tubules, to a mitotic array, which has an array of shorter
microtubules (Belmont et al., 1990; Gliksman et al., 1993). In
addition to the four parameters of dynamic instability we
introduced two more parameters: a gamma distribution shape
parameter for the growth time distribution, rg, and a gamma
distribution shape parameter for the shrinkage time distribu-
tion, rs (Eq. 2). These parameters reflect the relative broadness
of the phase time distribution with small r implying a broad
distribution (r = 1 implies an exponential) and large r imply-
ing a narrower distribution (Fig. 3 B). As shown in Fig. 6 A,
microtubules simulated with rg = rs = r = 1 have exponential
length distributions at steady state as has been shown analyti-
cally (Hill, 1987). However, when the shape parameters are
increased while holding the usual four parameters of dynamic
instability (Vg, Vs, kcat, and kres) constant, the length distribu-
tions change (Fig. 6, B, C). These microtubules have a shorter
mean length, and consequently more rapid tumover, charac-
teristic of mitotic microtubule arrays. From the simulation
results it can be seen that modulation of phase time distribution
shape alone is capable of effecting the shortening in microtu-
bule length observed in the transition from interphase to mi-
tosis. Furthermore, the observed distribution of microtubule
lengths in cultured human monocytes is nonexponential
(Cassimeris et al., 1986), indicating that the simple first-order
model (r = 1) by itself cannot adequately model dynamic
instability. Thus we propose that a fifth dynamic instability
parameter, rg, characterizing the growth time distribution
shape, and possibly a sixth parameter, rs, (although we have
not examined shrinkage time distributions) characterizing the
shrinkage time distribution shape, are needed for a complete
description of two-state microtubule assembly dynamics.
The distribution of growth times has implications for the

proposed exploratory function of microtubules, where mi-
crotubules probe the cytoplasm by dynamic instability and
then stabilize into preferred morphologies (Kirschner and
Mitchison, 1986). In support of this hypothesis we find that
microtubules exhibit a strong similarity in dynamic behav-
ior to a known exploratory structure, the filopodium of
nerve growth cones. Filopodia are thin, actin-based protru-
sions which extend from the growth cone periphery. They
mediate signals from the extracellular environment, and
thereby guide growth cones (Bentley and Toroian-Ray-
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FIGURE 6 Microtubule length distribution at steady state and the effect
of phase time distribution shape. The shape of the gamma distribution is
determined by the parameter r, with increasing r indicating an increasingly
narrow distribution of times (note: r = 1 is the exponential distribution).
Steady-state length distributions are shown for (A) r = 1, (B) r = 3, and (C)
r = 5 (N = 50,000). All other parameters being equal (Vg = 14.5 Jim/min,
V-= 17 ,um/min, tg = 17.9 s, t, = 22.7 s; see Fig. 6 in Gliksman et al.,
1993), microtubules have longer average lengths when the phase time
distributions are broad (i.e., exponential). The decreasing average length
with increasing r is characteristic of an interphase-like to a mitotic-like
transition in microtubule length distribution.

mond, 1986). These linear structures extend out at a roughly
constant rate for a random period of time and then rapidly
transit to a retraction state if not stabilized by some positive
interaction with the extracellular environment. Furthermore,
quantitative analysis of chick growth cone filopodia in vitro
suggests that the extension times are nonexponentially dis-
tributed (Buettner et al., 1994) with gamma distribution
shape parameter r similar to the value we obtained for
microtubule plus end growth times. Gamma distributed
growth times would be well suited for exploration compared
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to exponentially distributed growth times since less energy
(e.g., in the form of GTP hydrolysis for microtubule assem-
bly) is spent in extremely short and extremely long excur-
sions (Fig. 3 B). Thus, the gamma distribution may repre-
sent a useful model for describing random, exploratory
behaviors in complex systems.
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